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This paper reports the attempts to machine the back surface of Si using a femtosecond laser at a 
wavelength of 1,552.5-nm. As Si is optically transparent at this wavelength, I attempted to machine 
the back surface and interior of a Si substrate by a non-linear absorption process, similar to the 
non-linear process used to treat dielectric materials using visible and near-infrared ultra-short 
lasers. The femtosecond laser impinged on the front surface of the Si substrate and was focused at 
or near the back surface. I scanned the laser beam linearly along the back surface at different scan 
speeds and repetition rates at several focus positions. Changes occurring on the back surface were 
observable by visible optical microscopy and scanning electron microscopy, whereas those in the 
interior of Si were observable only by infrared microscopy. Meanwhile, no change was detected 
on the front surface where the laser impinged. After a certain period, the point of irradiation 
showed changes; afterwards, changes in the interior of Si began to occur continuously. However, 
the changes on the back surface occurred in a rather discrete manner, observed intermittently. This 
may be attributed to the heat accumulation due to the multiple pulse irradiation, which increased 
the local temperature. This resulted in increased absorption along the incident laser path and 
prevented the delivery of a sufficient amount of energy to induce ablation on the back surface. The 
morphologies observed in the altered back surface were a granular band and a laser-induced 
periodic surface structures (LIPSS). Given that the etch rate of the back surface would be higher, 
wet etching was performed using an aqueous KOH solution. The 40% KOH solution was 
maintained in contact with the Si back surface at 250C while the laser was irradiated from the front 
surface. The laser beam was focused on the back surface and linearly scanned under different 
conditions. Focusing the laser approximately 15 μm into the liquid yielded deeper grooves as 
compared to those when it was focused precisely on the Si back surface. Further, the etch rate was 
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significantly higher compared to that during dry etching. I could achieve the maximum etch depth 
of approximately 6 μm during the wet etching process, in contrast to 0.3 μm during dry etching. 
However, the groove depth was not constant along the processing path. The morphologies 
observed in the altered back surface were different from those observed after dry etching. The 
results demonstrate a possibility of a new, efficient, and debris-free microfabrication technique.  
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I. Introduction 
1.1. Background information 
 Si is a semi-conductor material widely utilized in a variety of applications in the modern 
era such as electronic devices, photovoltaic applications, and microelectromechanical systems 
(MEMS) [1, 2, 3]. Because of low production cost, integrated circuits are used in all electronic 
equipment today. Due to ability to endure a higher temperature, Si is better than germanium 
for being the material in integrated circuits. Si is the most commonly used material to create 
MEMS. Si becomes attractive for a wide variety of MEMS applications because of the 
economy of scale, high availability, low price and ability to incorporate with electronic 
functionality. Highly pure silicon wafers are used to make crystalline silicon photovoltaics, 
which are used to convert the sunlight into electrical energy. The need of the photovoltaics 
market is driven by increasing demand of electricity and renewable energy. Si is one of the 
most widely used material in photovoltaic technology to manufacture solar cells. In recent 
years, the demand of such elements is increasingly expanding so the demand for micro-
processing technology of Si is growing. 
 However, there are many difficulties in conventional Si processing method. The most 
commonly used method to machine the Si is lithography technique, which requires many 
complicated steps and chemicals, causing heavy impacts on the environment. Moreover, it is 
difficult to meet the machining requirements due to low efficiency and precision. Other 
technologies include electrical discharge machining and laser machining [4, 5]. The laser 
machining has many advantages: avoiding the negative effects of tool wear, breakage, and 
mechanical stress; ensuring high machining quality and precision. When a long pulse laser acts 
on the material, it corresponds  to  the  thermal  ablation  process. Recast layer and surface 
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cracks, which limits the improvement of machining quality, are caused by melting and 
vaporization. 
 Researchers pointed out that lasers with ultra-short pulse durations in the femtosecond to a 
few picosecond ranges provide a significant improvement in quality for processing various 
materials compared with nanosecond or longer laser pulses [6-10]. Since the high peak power 
can generate strong nonlinear effects inside the transparent medium, the short pulse width can 
effectively reduce the formation of the heat affected zone [11]. As a result of this, the ultrashort 
timescale and ultrahigh laser intensity induce nonlinear absorption right at the focus point, 
resulting in highly localized material ablation or modification with minimized mechanical and 
thermal damage of the ablated area. Therefore, ultra-short pulse machining can achieve high-
precision and cleanliness without thermal stress and micro-cracks. In contrast, longer 
(nanosecond) duration pulses irradiated on the materials leads to continuously heating of the 
target materials. Several researchers have attempted 3D micromachining on the surface or the 
interior of transparent dielectric materials by utilizing ultrafast lasers [12, 13, 14].  Applications 
of this method are based on laser-induced changes in the refractive index, which can be both 
positive and negative compared with unmodified materials. In addition to dielectrics, the 
formation of laser-induced subsurface modifications may have significance in the machining 
of Si [15]. As Si is the most popular material used in the production of integrated circuits, this 
technique may allow electronics and optical components to be integrated on a single chip. 
 Researchers used laser induced backside dry etching for laser patterning. Stone et. al [16] 
kept the glass substrate close to a graphite plate, then used the plate for laser patterning on 
glass. The glass substrate was in close contact with the graphite plate pressed by external force. 
At first, pulsed laser irradiation ablated the graphite plate. Under the effect of local high 
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temperature and high pressure, the graphite particles were separated from the graphite surface 
quickly, contacted with the melting glass surface, and combined with the surface of the glass, 
forming a black pattern. Laser patterning is applied for many purposes, such as bar codes. 
Moreover, the subtractive processing on Si backside can create 3D microfluidic structures in 
microchips or faulty isolation of IC chip package. [17] 
 Si is a semiconductor with a band gap energy of 1.12 eV, which corresponds to a 
wavelength of 1,127 nm [18]. Thus, an Si is considered as a transparent material for radiations 
longer than such wavelength. Consequently, the utilization of IR wavelengths longer than 
1,127 nm would provide similar access to the interior of Si for laser-matter interactions as in 
transparent materials. Recently, researchers have attempted to modify the Si interior using 
ultrashort pulsed lasers at IR wavelengths. The laser pulses were focused in the interior of an 
Si substrate and the part near the focus position was modified. Various processing conditions 
have been investigated to understand the formation of modifications in the interior of Si [19-
24]. However, using femtosecond lasers at wavelengths of 1,200 and 1,300 nm did not yield 
any modification [19, 20], even when multiple pulses with energies up to 90 μJ were applied 
[19]. Meanwhile, Verburg et al. demonstrated that modifications could be produced inside 
crystalline Si by a fiber laser, operating at the relatively long pulse duration of 3.5 ns and 
wavelength of 1,549 nm [21]. The refractive index of the modified portion of the Si crystal 
was also altered, and Pavlov et al. indicated that the modified parts demonstrated a waveguide 
action at the IR wavelength [22]. Kammer et al. [23] reported modifications in Si by a 1,552 
nm wavelength laser with different pulse durations, ranging from 800 fs to 10 ps. They 
primarily focused on inscribing waveguides in the Si and describing the resulting internal 
modifications rather than examining the Si back-surface processing [22, 24]. Even most 
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previous research on laser-material interaction tends to highlight laser beam parameters and 
experimental setups for precision material processing, there is little emphasis on the optimal 
laser parameters to apply in laser material processing.  
1.2. Objectives 
Ito et al. demonstrated the machining of Si by passing a femtosecond laser of 1,552.5-
nm wavelength through an Si substrate [25]. Previous research demonstrated that when the 
laser was focused on an Au film on the surface of a second substrate placed at the back of the 
first Si substrate, the Au film was ablated by irradiation through the Si substrate [26, 27]. 
Additionally, when the focus was placed at the back surface of the Si substrate and the 
aberration of the laser light caused by the large refractive index of Si was compensated for, the 
Au film on the back surface was ablated and deposited onto another substrate placed at the 
back of the substrate. Therefore, it would be possible to machine the back surface or the interior 
of Si by irradiating the focused laser through the substrate itself.  
The purpose of this study is to examine the issues and challenges associated with 3D 
microprocessing on the back surface of Si using an ultrafast laser with a pulse width of 900 fs 
and wavelength of 1,552.5 nm. I attempted to create grooves, the simplest surface structure, 
on the back surface of an Si substrate and observed the peculiar behavior of the laser action in 
the interior and on the back surface of the substrate. I built a processing system, which can 
perform experiments while observing the focus position by combining infrared femtosecond 
laser and the infrared microscope with a correction collar on the objective lens. The correction 
collar was able to compensate high refractive indices of Si, which vary with wavelengths of 
laser and observation, and allowed to adjust the focus position in and through the Si precisely. 
Ablation processing the back surface and inside Si substrate will be carried out, as well as laser 
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assisted wet etching using KOH solution. The effects of the laser repetition rate, scan speed, 
and focus position were explored in detail.  
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II. Principle of laser processing relevant to this work 
2.1. Laser ablation 
 
Laser ablation is a process of removing layers from a solid by irradiating the surface 
with a pulsed laser beam laser [28]. It is one of the most common techniques to process 
materials. Laser ablation can be applied to create extremely deep and small holes through very 
hard materials such as diamonds or metals. It can also be used to determine the presence of a 
particular material on a surface. The CW laser produces a continuous, uninterrupted beam of 
light while the pulsed laser refers to a short time (e.g., nanoseconds to femtoseconds) output. 
With the same average output power, the peak power of a pulsed laser beam is much higher 
than that of a CW laser beam. Usually, laser ablation refers to removing material with a pulsed 
laser, but it is possible to ablate material with a continuous wave laser beam if the laser intensity 
is high enough. If laser intensity becomes larger than threshold value, at the solid surface the 
laser energy will be converted into thermal, photochemical and mechanical energy. As a result, 
neutral atoms, molecules, positive and negative ions, radical, cluster, electronic and light 
(photons) are released explosively then the surface can be etched.  
When light reach of a material's surface, due to the discontinuity in the real index of 
refraction, a part of it will be reflected from the interface and the rest will be transmitted into 
the material. The fraction of the incident power that is reflected from the surface depends on 
the incidence angle and polarization of the light as well as the index of refraction of the material 
and the atmosphere [29]. Collisional absorption occurs when laser photon energy is transferred 
to the plasma (mostly) through the ion-electron collision [30]. From a classical viewpoint, the 
electron oscillates in the electric field of the laser beam. If no collision occurs, the electron 
continues to oscillate in phase with the electric field and gains no thermal energy. If there is a 
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collision with a nucleus, the oscillation energy of the electron is converted to random thermal 
energy. When a solid surface is irradiated by a long-pulsed laser beam, the material is heated 
by the absorbed laser energy. The thermal motion of some particles is accelerated. Once the 
absorbed energy exceeds the sublimation energy, these particles sublimate or evaporate and 
become vaporized particles.  
Inside of a material, absorption causes the intensity of incident light to decay with depth 
at a rate determined by the material’s absorption coefficient α [30]. In general, absorption 
coefficient is a function of wavelength and temperature, but for constant absorption coefficient, 
intensity I decays exponentially with depth x according to the Beer–Lambert law where I0 is 
the intensity just inside the surface after considering reflection loss. As shown in Fig. 2.1 the 
light absorption in solid occurs at effective distance α-1 (absorption length) from the surface. 
Therefore, how quickly electrons (conduction band) and holes (valence band) are generated in 
the time laser pulse width irradiated or to transfer the energy to the lattice system, the distance 
that electrons and holes diffuse in solid, and the heat generated from the diffusion needs to be 
considered. 
However, because the diffusion coefficient of electron-hole pairs, optical absorption 
coefficient, thermal diffusivity, and the energy gap is strongly dependent on the temperature. 
The temperature rise caused by heat energy discharged from the electron-hole pairs, situation 
changes drastically. This is because the temperature of the surface layer of the solid increases 
rapidly at positive feedback. For example, absorption coefficient increases slightly with the 
temperature rise, then absorption length will be shortened. In general, when the temperature 
increases EG decreases, then the diffusion of hole and electron pairs is suppressed. In addition, 
thermal diffusion coefficient declines with the increase in temperature. Therefore, the area 
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closer to the surface will be heated more during laser irradiation period. As a result, laser 
wavelength with short absorption depths can allow local modification of surface properties 
without altering the bulk of the material. 
 
 
2.2. Multi-photon absorption 
Normally excitation occurs when a ground state electron absorbs a photon and jumps 
up to a higher, unstable energy level (Fig. 2.2 (a)). Multi-photon absorption is the simultaneous 
absorption of more than one photon of identical or different frequencies in order to excite a 
molecule from one state (usually the ground state) to a higher energy state. In the process of 
atom absorbing multiple photons, there is simultaneous multiphoton absorption (Fig. 2.2 (b)) 
and step-by-step absorption (Fig. 2.2 (c)). A typical nonlinear absorption process is two-photon 
absorption. Here, the energies of two photons are combined to excite a single electron into a 














Fig. 2.1: Light Absorption Coefficient 
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high enough intensities) even when the energy of a single photon is insufficient for getting 
across the band gap. The effective absorption coefficient is proportional to the optical intensity. 
Similarly, there are multiphoton absorption processes involving more than two photons per 
process.  
After the electrons absorb the energy, there will have thermalization at the end of the 
laser pulse. For a short-pulsed laser, the laser-material interaction time is short in comparison 
with atomic relaxation processes [28]. Therefore, the irradiated zone of the material quickly 
reaches vaporization temperature and the ablated particles evaporate from the surface. The 
duration time of the pulse is much less than the time taken by electrons, atoms, and excited 
molecules, to release heat energy by moving motion, which is too short for linear absorption 
processes such as the electron–phonon interaction process, single-photon process, and thermal 
diffusion process to happen. In consequence, nonlinear absorption process occurs during short-














Fig. 2.2: Multi-Photon Absorption Process 
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2.3. Semiconductor material as transparent body 
Generally, photons will couple into the vibrational or electronic states in the material 
depending on the photon energy. In semiconductors, the absorption of laser light mainly occurs 
through resonant excitations such as transitions of valence band electrons to the within bands 
(intersubband transitions) or conduction band (interband transitions) [31]. These excited 
electronic states can transfer energy to lattice phonons. If there is no impurity or defect states 
to couple to, energy below the material’s band gap will not be absorbed. These energies 
typically correspond to light frequencies below the visible to infrared spectrum for 
semiconductors. The vicinity of the spectrum’s absorption edge of Si and germanium is shown 
in Fig. 2.3. According to that graph, Si allows any light with the photon energy lower than 1.12 
eV (wavelength larger than 1,127.3 nm) to transmit through. Further, Fig. 2.4 illustrates the 
transmittance of each wavelength for 300 μm thickness Si. If the wavelength is 1.24 μm or 








Fig. 2.4: The transmittance of wavelength for 300 μm thickness Si 
 
 
2.4. Si ablation by femtosecond laser 
With the same pulse energy, the laser’s pulse width can have a significant effect on the 
dynamics of the ablation process. In general, as the pulse width is shortened, the peak power 
will increase [32]. The volume of material that is directly excited by the laser has less time to 
transfer energy to the surrounding material. Consequently, the ablated volume becomes more 
precisely, and the rest of the material has been less affected by the absorbed energy, which 
reduces the heat affected zones (HAZ) [33]. However, even for these ultrashort pulses, there 
is excess energy remaining in the material that can still cause thermal effects in the surrounding 
material after the pulse has ended.  
In the ablation by femtosecond laser, laser energy absorbed in electronic system will 
transfer to the crystal lattice and ions in picoseconds. As a result, when the irradiation energy 
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is high enough, a high-density high-temperature plasma is generated, it causes a rapid 
expansion. During this time, the diffusion of heat to the irradiated area outside cannot be 
ignored, and is characterized by not undergoing liquefaction process caused by the intervention 
of normal nanosecond laser ablation. Therefore, efficient ablation can be performed with high 
accuracy. On the other hand, in the case of using a nanosecond order melt layer is formed 
around the irradiation region due to influence of the thermal diffusion is increased. In the case 
of processing the transparent optical material such as quartz or glass, thermal stress caused by 
the molten layer would thereby cause the cracking. 
For opaque materials, optical absorption depths are very small. With femtosecond laser 
pulse width, the thermal diffusion length is relatively small. Therefore, I may consider during 
the initial interaction all of the optical energy as absorbed at the surface without significant 
thermal diffusion out of the irradiated region [19]. In addition, by increasing the absorption 
and diffusion lengths through the appropriate choice of laser wavelength this confinement can 
be relaxed. Consequently, in order to achieve the exact desired material outcome, it is very 
flexible in designing laser processes. 
From these reasons, when treating the Si as a transparent material, it can be said that 
infrared femtosecond laser is suitable for the microfabrication. 
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III. Sample and experimental equipment 
3.1. Laser System Schematic 
The schematic diagram of the laser irradiation system is illustrated in Fig. 3.1. The laser 
pulses were steered by two mirrors and transferred to an IR microscope through its side arm. 
A visible-IR camera (Artray ARTCAM-130MI-HDM-NIR) was installed along the optical 
observation axis. This setup facilitated the simultaneous laser irradiation and observation of 
the back surface of Si by the IR camera. Inside the microscope system, a dichroic mirror, which 
reflects the processing laser light of 1,552.5 nm and transmits light in the range of 700-1,200 
nm, was installed. For the IR observation, I used a filter to observe the Si sample using 1,100 
nm light. An objective lens (x100, N.A. 0.85) equipped with a correction collar was used to 
minimize the aberrations caused by the high refractive index of Si, which is 3.47 at 1,552.5 nm 
[33]. To scan the laser, the sample was moved by an electric x-y stage ALS-602-H0M (Chuo 
Precision Industrial Co., Ltd.) with accuracy of 1 μm. 
 20 
   
Fig. 3.1: Schematic diagram of experimental set up 
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3.2. Laser equipment 
Table 3.1 illustrates the specifications of the fiber laser. An IR femtosecond fiber laser 
with a pulse width of 900 fs at a central wavelength of 1,552.5 nm was used in this study 
(Raydiance Discovery 1552-5). It could operate at an adjustable repetition rate f of 1 Hz to 500 
kHz and an adjustable pulse energy of 1-5 μJ. Fig. 3.2 shows the beam profile of Discovery 














Center wavelength 1,552.5 nm 
Pulse duration (FWHM) 900 fs  
Repetition rate 1 Hz – 500 kHz 
Energy per pulse 1 μJ - 5 μJ 
Average power (max) 2.5 W 
Beam diameter at output window 5 mm × 5 mm 
Beam divergence 1 m rad 
Table 3.1: Laser equipment specifications Discovery 1552-5 
 
Fig. 3.2: Discovery 1552-5 Beam profile 
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3.3. Infrared camera 
An infrared camera (Artray ARTCAM-130MI-HDM-NIR) was used to observe the 
sample during the experiment. The camera's quantum efficiency is shown in Fig. 3.3. The 
infrared transmission filter R70 (Hoya) is attached to the camera. The transmittance related to 







Fig.3.3: Infrared camera’s Quantum Efficiency 
Fig. 3.4: Infrared filter transmittance related to wavelength 
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3.4. Objective lens  
I used an infrared objective lens LCPLN100XIR equipped with a correction collar to 
minimize aberration. Fig. 3.5 shows transmittance related to the wavelength. Owing to the size 
of the laser beam and the acceptance diameter of the microscope as well as other losses, the 
measured energy of the laser pulses emitted from the objective lens was approximately one-
fifth of that at the exit of the laser. In this study, I maintained the laser pulse energy at 4 μJ, 
which reduced to approximately 0.8 μJ after the objective lens. The spot size is shown in Fig. 
3.6. The spot size was estimated by measuring the processing after focusing the laser directly 
on the Si surface then performing single sport irradiation. At this time, focusing the light above 
the sample surface is defined as plus, focusing the light within the sample is defined as minus. 









Numerical aperture 0.85 
Magnification ×100 
Si aberration correction 0 mm~1.0 mm 
Working distance 1.2 mm 
Focus length  1.8 mm 






































Focus position / μm
Fig. 3.6: Estimation of spot size 
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3.5. Electric stage 
Scanning of the laser is carried out by relatively moving the sample using a motorized 
stage. Electric stage using is the ALS-602-H0M, a product of Chuo Precision Industrial Co., 
Ltd., and is applied in the operation of the Y-axis direction. Specifications of the stage are 












Resolution 0.001 mm 
Lead screw 0.5 mm 
Positioning accuracy ±0.02 mm 
Repeat accuracy ±0.0005 mm 
Motor used PMM33BH2 equivalent (5-wire Pentagon 
connection) 
Surface properties Both sides polished 
Conductivity P-type 
Thickness 320±25 μm 
Gravity (18oC) 2.33g・cm-3 
Crystal orientation 100±2° 
Resistivity 0.1〜100 Ωcm 
Melting point 1410 ℃ 
Boiling point 2600 ℃ 
Heat (27oC) 0.716 J/g・K 
Thermal conductivity 168 W/m・K 
Thermal expansion coefficient (300oC) 4.2×10-6 
Band gap 1.12 eV 
Refractive index (wavelength 1120 nm) 3.5316 
Refractive index (wavelength 1152 nm) 3.4784 
Table 3.3: Motorized stage specifications 
 
Table 3.4: Si sample physical properties 
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 A double-sided polished P-type Si wafer with a thickness of 320 μm and (100) crystal 
orientation was used in this research. The sample specifications are shown in Table 3.4. 
Samples used have thickness 320 μm. Band gap of the Si substrate is 1.12 eV. At a wavelength 
of 1,120 nm, refractive index is 3.5316, and at 1,552.5 nm, it is 3.4784 [34, 35].  
3.7. Observation and analysis of the sample 
- Observation of sample surface and internal modification: The optical microscope used 
to observe the sample was the same to the infrared microscope used for processing. An 
infrared filter which blocks visible light was attached to the microscope. By  the filter, 
it was possible to switch between the observation with the visible light and the 
observation with only the infrared light. By observing with infrared light, it was 
possible to observe Si as transparent material. 
- A scanning electron microscope (SEM) and a Raman spectroscopy (Jasco NSR-7200) 
was implemented to study the crystal structure of Si. 
- A laser microscope (KEYENCE VK-8710) was implemented to measure the depth of 
processed lines on the Si back surface. 
3.8. Defining the focus position  
The focus of the objective lens on the back surface of the substrate was denoted as the 
focus position (± 0 μm). To set this focus position, I created markings by scanning the focused 
laser beam directly on the front surface to generate a pattern shown in Fig. 3.7 before 
machining the substrates. The lines formed were continuous grooves of 16 μm width and 3 μm 
depth. Then, the Si substrate was rotated and the markings now on the back surface were 
observed by IR light. When the clearest image of the markings was obtained by adjusting the 
lens position and correction collar, it was considered that the 0 μm focus position was set. I 
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performed the observations at three different positions illustrated in the left panel of Fig. 3.7 
and set them at the same focus position as shown in the right panel of the figure. With this 
technique, the change in the focus position during the laser scan was minimized. The 
movement of the focus position toward the front surface of the Si substrate, i.e., in its interior, 
was expressed as positive values in μm, while positions in the opposite direction from the 0 
μm focus position were expressed as negative values. Laser scanning was performed after 
























Fig. 3.7: Pattern of markings on the Si back surface, formed by direct irradiation of 
the laser (left), and sample IR micrographs of the cross points of the markings (right). 
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3.9. Thickness of Si and correction collar of objective lens 
The appearance of the objective lens used is shown in Fig. 3.8. The objective lens used 
in the experiment is possible to correct aberrations based on Si thickness by adjusting the value 
of the correction collar. For light having  wavelength of 1,100 nm ~ 1,300 nm, the correction 
value can be set between 0 to 1.00, thus it is possible to correct the aberrations of 0mm ~ 1mm 
thickness Si. In addition, its resolution is up to 0.025 by putting the auxiliary scale. A cover 
glass with thickness of 0.15 mm is attached for the purpose of protecting objective lens. 
Correction value for the 0.15 mm thickness glass is 0.25. Therefore, correction value in this 
experiment is a value obtained by adding the correction value for the thickness of the Si to 
correction value for the thickness of the cover glass of 0.25. Correction values which are 





















 Fig. 3.8: Objective lens with correction collar 
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IV. Effect of correction value of objective lens on back surface 
processing 
4.1. Experimental 
In the case of  observing the Si back surface with IR light, the observation image of the 
mark in the back surface has become the clearest when adjusting the value of the correction 
collar at 0.575. Thus, when observing the mark in the back surface, the correction value is 
fixed at 0.575, then I examined the effect of focus position on the Si back surface processing. 
The laser of f = 500 kHz was scanned linearly at a scan speed of v = 400 μm/s. In this condition, 
there was about 4200 pulses on one irradiating spot, i.e., overlap rate was 99.9%. The laser 
was irradiated from front surface of the Si substrate, then, the processed part was formed on 
the back surface by focusing the laser on the back surface. Figure 4.1 showed the microscopy 
images of the Si front surface (top) and back surface (below) observed with IR light and visible 
light after laser scan with v =  400 μm/s at f = 500 kHz with different focus position. The laser 
scans started from the left side of the sample; the focus position moved in the positive direction 
in progresses to the right. From the front surface, machined traces could be observed by only 
infrared light when focus position located in the vicinity of ± 0μm. On the other hand, in the 
observation from the back surface, even by visible light, machined traces could be seen when 
focus position was in the vicinity of ± 0μm. When the focus position was close to the back 
surface, no change happened in the incident surface of the laser. It is understood that it is able 
to process on only the back surface by transmitting the laser through the Si substrate. In 
addition, the processed lines that appeared when focus position was 50 μm or more was the 
result of front surface processing since the focus position is near front surface. There was no 
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position at which the lines in the front surface and the back one overlapped. It can be concluded 














4.2. Observation of processing on Si back surface 
Fig. 4.2 shows the laser irradiation results on the back surface while varying the focus 
position from -16 to +8 μm observed by infrared light and visible light. The repetition rate was 
500 kHz, the scanning speed was 400 μm/s and the value of correction collar of the lens was 
0.575. It is noteworthy that no noticeable change is observed on the front surfaces of the 
irradiated substrates in the optical, laser, or SEM observations. The figure is obtained by 
observing directly from the sample back surface. In the infrared observation, processed lines 
can be observed in a wider range from the focus position -15 μm to +7 μm with some parts in 
dark colour and the other in faint colour. The dark colour parts observed in infrared light 
Fig. 4.1: Microscopy images of the Si front surface (2 above figures) and back surface 
(2 below figures) observed with IR light and visible light after laser scan with v =  400 







correspond to the processed parts observed in visible light. When the focus position is ± 0μm 
vicinity, no change can be observed. On the other hand, in visible light observation, machining 
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Fig. 4.2: Microscopy images of the back surface observed at (above) visible and (below) 
IR wavelengths after laser scan with v =  400 μm/s at f = 500 kHz. Scan length was 500 
μm. 2 neighboring lines have focus position differ by 1 μm  and 50 μm interval. 
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Fig. 4.3 shows the results of the SEM observation at the center of the processed lines 
when the focus position was -15 μm, -5 μm and 5 μm. At focus position -15 μm, a band of 
granular structure with particle size 500 nm was formed on the line width of 21 μm. Changes 
were not observed in Si back surface at focus position -5 μm. At the focus position 5 μm, 
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Fig. 4.3: SEM observation of the back surface after laser scan with v =  400 μm/s at f 
= 500 kHz. At the focus position-15 μm, granular structure with particle size 500 nm 
was formed on the line width of 21 μm. Changes were not observed in Si back surface 
at focus position -5 μm. At the focus position 5 μm, structures similar to the focus 
position -15 μm was formed on the line width of 10 μm. 
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4.3. Summary and discussion 
When the collar was set at 0.575, and the laser was irradiated, it was found that: 
- No change could be observed at focus position ± 0μm even by the infrared light. 
- The structural changes in Si back surface had form of 500 nm size particles. 
The reason why complex effects of laser irradiation were observed in this way was 
believed to be the difference in wavelength of the laser beam when performing processing and 
observation light (Fig. 4.4). Wavelength used for observation of the sample back surface was 
infrared light through a bandpass filter 1,100 nm, but the processing laser is an infrared laser 
with a wavelength of 1,552.5 nm. Because of the difference in refractive index due to the 
wavelength, there was deviation of the focus position after transmitting Si between processing 
and observation. In order to reduce aberration, it was necessary to do experiments with 
different values of the correction collar for observation and processing.  
 
 
Fig. 4.4: Difference of Si refractive index for laser wavelength and observation light wavelength 
 
The aberration correction for focusing the laser on the Si back surface differed from 
the aberration correction for observation. It is necessary to add a small readjustment to the 
 34 
correction value. After observing the back surface marker by correction value 0.575 to 
determine the focus position ± 0 μm, the laser was scanned with different correction value. The 
laser of f = 500 kHz was scanned linearly at a scan speed of v = 400 μm/s.  It was found that, 
if an appropriate value correction value was applied, aberrations should be minimized at the 
focus position ±0 μm. By far, the correction value 0.600 was believed to be the most suitable 
for Si back surface processing since it could process the Si back surface at the focus position 
±0 μm rather than other correction value. Theoretically, if low correction value is applied, the 
appropriate of laser focus position tend to move to the back surface. Since correction value is 
lower, processing should occur on the back surface at the position of the negative focus 
position. However, the relationship between focus position at which processing occurs in the 
back surface and the correction value does not follow the theory. The reason for this is 
difference of aberration reduction and the correction value due to the movement of the focus 
position mutually influence each other, as well as the energy density on the back surface 
changed in a complex way.  
Fig. 4.5 shows the observation of processing on the back surface after laser scan with 
v =  400 μm/s at f = 500 kHz while varying the focus position from -16 to +5 μm with the 
correction value 0.600. The above figure was obtained by using the visible light to observe 
while the below one was done by infrared light. The laser was scanned from the left side of the 
sample, the focus position was moved to the positive direction when progressing to the right. 
Under IR observation, the processing can be observed in the range of the focus position from 
-16 μm to +3 μm. At the focus position close to ± 0 μm (from -2 μm  to +2 μm), the processing 
can be observed with the visible light. In the following laser scan, all the experiments were 
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Fig. 4.5: Microscopy images of the back surface observed at (above) visible and (below) 
IR wavelengths after laser scan with v =  400 μm/s at f = 500 kHz. Scan length was 500 
μm. 2 neighboring lines have focus position differ by 1 μm  and 50 μm interval. 
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V. Machining on Si back surface 
5.1. Introduction 
       Following the previous research, I started to do the machining on Si back surface by 
irradiating the laser through the substrate with appropriate focus position and readjustment of 
the correction collar. The laser pulse energy was kept constant at 0.8 μJ. I tried to change the 
focus position, scanning speed and repetition rate to examine the effect of them on Si back 
surface machining. At first, single spot irradiation was performed then laser scanning followed 
later. 
5.2. Experimental results 
Firstly, several spot irradiations were performed by multiple laser pulses. Each spot 
was irradiated by 100,000 laser pulses with f = 500 kHz while the focus position was set at 0 
μm. The distance between two consecutive spots was 50 μm. Microscopic observation of the 
back surface revealed dark spots at the irradiated positions, as shown in Fig. 5.1. The surface 
morphology of the dark spots consisted of many fine particles with a diameter of approximately 
500 nm. However, these dark spots disappeared from several points, even though the laser 
irradiation conditions were unchanged. The short axis of the spots varied from 10-14 μm, 
whereas the long axis of the spots varied from 14-16 μm. The long axis of the spot 
corresponded to the laser polarization axis and was considered as the laser spot size. The non-
circular shape of the spot could be due to the intensity distribution of the laser pulse, which 
might have been enhanced by the strong aberration in Si [18]. The fluctuation in the observed 
spot size as well as the instability of the spot appearance suggested that there would be a 







To realize the machining of grooves on the back surface, the laser of f = 500 kHz was 
scanned linearly at a scan speed of v = 20-800 μm/s. The focus position was set at 0 μm. Fig. 
5.2 shows the microscopy images of the back surface observed at the (a) visible and (b) IR 
wavelengths, as well as the (c) scanning electron microscopy (SEM) image after the laser scan 
with v = 800, 400, 100, and 20 μm/s at f = 500 kHz. The scan length was 500 μm, and the scans 
were repeated twice in reverse directions for each v at a 50 μm interval. In the IR images, gray 
lines appeared along the scan line with scattered black sections, which corresponded to the 
changes observed with visible light or in the SEM images. In the visible and SEM images, 
changes corresponding to the gray lines observed in the IR images were not observed. This 
Number of pulses at 1 spot: 100,000
Pulse energy 4μJ
Si rear surface
1st sample 2nd sample
Focus position 0μm
100 μm
Fig. 5.1: Visible micrograph of the Si back surface after multiple shots irradiation on 
the same point at a focus position of 0 μm. Several dark gray spots appear at only some 
of the irradiated positions, even though the laser irradiation conditions are kept 
constant. The distance between two consecutive spots is 50 μm. 
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indicated that the gray sections observed under IR light reflected the changes occurring in the 
interior of Si. When the laser was turned on and the scans were immediately started, the 
changes in Si, which were observed as gray lines or spots on the IR camera screen, were 
observed not instantaneously but only after certain scan lengths. This demonstrated that the 
incubation effect could occur during Si processing, as mentioned for the scattered results 
shown in Fig. 5.3. Ablation threshold fluence is defined as the minimum laser fluence 
necessary to initiate the ablation process. In the multi-pulse regime, it is well established that 
the ablation threshold depends on the number of laser pulses exciting the same spot. The 
threshold fluence is reduced with increase in the number of pulses exciting the same spot [36, 













Fig. 5.2: Microscopy images of the back surface observed at (a) visible and (b) IR 
wavelengths as well as (c) SEM images after laser scan with v = 800, 400, 100, and 20 
μm/s at f = 500 kHz. Scan length was 500 μm and scans were repeated two times for 
each v with a 50 μm interval in the reverse direction. The width of the gray lines (IR) 
was larger than that of the black lines (visible) observed at the same positions. In the 
IR image, gray lines appeared along the scan line with scattered black parts, which 
corresponded exactly to the changes observed with visible light or in the SEM images. 
The microscopy with visible wavelength and SEM images showed no changes 
corresponding to the gray lines observed in the IR images. 
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Although the incubation effects sometimes showed a rather scattered appearance, the 
laser irradiation could induce observable effects once the gray spots appeared at the beginning 
of irradiation. Therefore, the analysis in this study was restricted to the laser scans after the 
occurrence of the changes at the starting point of the scans. Although the incubation period 
that triggered such modifications varied from a few seconds to nearly a minute, I started the 
laser scan only if the processed spot was visible. The gray lines (changes or modifications in 
the interior of Si) occurred continuously whereas the black lines (changes on the back surface) 
appeared in a rather discrete manner, in which intermittent changes were observed. The width 
of the gray lines (IR) was approximately 12 μm for v = 800 μm/s and approximately 16 μm for 
other values of v such as 400 μm/s and 100 μm/s. Moreover, they were larger than the width 
of the black lines (visible) observed at the same positions, which was approximately 8 μm. The 
changes on the back surface appeared, then disappeared (as indicated by red circles in the 
figure), and then reappeared again. Even along a single line, some positions showed changes 
only in the interior of Si, whereas other positions displayed simultaneous changes on the back 
surface. 
I changed the distances between the neighboring lines to explore whether or not the 
distance influenced the stability of the processing. From top to below of the figure 5.3, I 
scanned the laser with f = 500 kHz and v = 400 μm/s in the following order: 5 lines with 
distance 50 μm; 5 lines with distance 10 μm; 5 lines with distance 20 μm; 5 lines with distance 
50 μm. Even when the distance between neighboring lines was 10 μm, which was less than the 
width of the lines observed with the IR light (the processed lines overlapped each other), the 
changes on the back surface did not continuously appear. To check whether the pre-processed 
area of the markings affected the stability or processability of the processed lines, I initiated 
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the scan at points far from the markings, which were inscribed in advance on the surface. I 
observed the Si back surface after laser scans at v = 400 μm/s and f = 500 kHz, starting at 510 
μm from the vertical mark and 400 μm from the horizontal mark (Fig. 5.4). The distance 
between each line was 50 μm. The result was similar to those of the previous experiments: the 
lines observed with the IR light were continuous, whereas the lines observed with the visible 
light were intermittent. Therefore, there was no influence of prior machining of groove-mark 

















Fig. 5.3: The visible and IR observation of Si back surface after laser scan with f = 500 
kHz and v = 400 μm/s with different intervals between neighboring lines. The changes 
in the interior of Si occurred continuously while the changes at the back surface 
occurred intermittently. The interval of neighbor lines shows no effects. 




















SEM was utilized to observe the morphology changes on the back surface. Fig. 5.5 
shows the morphologies on the back surface after laser scanning with f = 500 kHz and v = 100 
μm/s. The processed lines consisted of non-processed areas as well as surface-modified areas 
with two characteristic morphologies: laser-induced periodic surface structure (LIPSS) and 
granular structures. The orientation of the LIPSS was parallel to that of the laser polarization, 
with a periodicity varying from 270-330 nm. The periodicity was estimated by measuring the 
sum of the distance between 6 consecutive parallel lines and then dividing by 5. LIPSSs on the 
surfaces of various substrates have been studied extensively; however, most of the LIPSSs 
reported thus far have been formed on the front surface of the substrates [38] , on the surface 
of the side wall on the machined structures [39], or inside transparent dielectrics [40]. Our 
previous report was the first to describe the formation of a LIPSS on the back surface of Si by 
Observed with visible light
100μm
Observed with IR light
Start
Fig. 5.4: The visible and IR observation of Si back surface after laser scan with f = 500 
kHz and v = 400 μm/s when the distance of starting point was 510 μm from a vertical 
marker and 400 μm from a horizontal marker. The changes in the interior of Si occurred 
continuously while the changes at the back surface occurred intermittently.  
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IR laser irradiation through the substrate [41]. The granular structures comprised round grains 
with approximately 500 nm diameter on the Si back surface. The three morphologies (LIPSS, 
granular structures, and unchanged morphology) seemed to appear in the order of LIPSS, 





























Fig. 5.5: SEM observation of Si back surface after laser scan with f = 500 kHz and v = 
100 μm/s. Unprocessed parts and surface-modified parts existed along the processing 
lines, which had two characteristic morphologies: LIPSS and granular structures. The 
orientation of the LIPSS was parallel to the laser polarization with the periodicity 
varying from 270 to 330 nm. The morphologies appeared in the order of LIPSS, 
granular, and unchanged morphology along the laser scan direction. 
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5.3. Raman analysis of irradiated positions  
Raman spectroscopy was implemented to investigate the structures of different zones 
observed after laser irradiation. Fig. 5.6 shows the Raman spectra of the Si back surface at 3 
positions: (a) unirradiated position, (b) position where the changes occurred only in the interior 
of Si, and (c) position where the changes occurred on the Si back surface (c). At the 
unirradiated position of the substrate, the Raman spectrum was dominated by the signal at 530 
cm−1, which corresponds to crystalline Si. At the position where the processing occurred only 
in the interior of Si, there was one sharp peak at 530 cm−1 [42] , indicating no modification in 
the crystal structure on the surface compared with the structure of the unirradiated part. At the 
position where the changes appeared at the back surface, a broader band was observed at 
approximately 480 cm−1, which is the characteristic peak of amorphous Si [43], was observed 
in addition to the peak at 530 cm−1, in both the LIPSS and the granular structure. Therefore, 
the structural changes from crystal to amorphous Si were accompanied, at least partly, by 











Fig. 5.6: Raman spectra of Si back surface at three positions: (a) unirradiated position, 
(b) position where changes occurred only in the interior of Si, and (c) position where 
the changes occurred on the Si back surface. At the unirradiated position, the Raman 
spectrum was dominated by the signal at 530 cm−1. At the position where the processing 
occurred only in the interior of Si, there was one sharp peak at 530 cm−1. At the position 
where the changes occurred at the back surface, a broader band at approximately 480 
cm−1 was observed in addition to the peak at 530 cm−1.granular, and unchanged 
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5.4. Cross-sectional observations  
The Si substrate was cut perpendicular to the scan direction, and the cross-sections of 
the laser-irradiated positions were scrutinized. First, the substrate was cut across the scanned 
line at its center and then fixed by epoxy resin. Next, the cross-section was polished by 
sandpaper and a diamond-polishing compound. Then, the sample was etched by a 40% KOH 
solution in an ultrasonic bath at about 250C for 20 min to enhance the changes on the cross-
section. SEM cross-sectional observations revealed that a structural change, which manifested 
itself as slight changes in contrast in the SEM photographs, occurred in the laser-irradiated 
section. Fig. 5.7 shows the SEM observation of the cross-section of the substrate after laser 
scanning with f = 500 kHz at v = 100 μm/s (left) and 800 μm/s (right). The changed regions 
appeared as aggregated cloud-like areas mixed with un-changed sections, with a comparatively 
paler gray contrast than the background. An inverted triangular shape was observed, in which 
the triangle was narrowest at the back surface, became wider toward the interior of Si, and 
disappeared at a certain position. The triangular shape of the changed region corresponds to 
the trace of the focused laser light.  
I measured the Raman spectra of the modified region; however only the peak of the 
crystal Si was detected. Recently, Kammer et al. reported the transition from crystal Si to 
amorphous Si at a modified Si region using Raman microscope (Renishaw inVia Raman 
Microscope). Processing was performed using 800 fs laser pulses at a wavelength of 1,552 nm. 
The Raman peak of amorphous Si in the reported spectrum was approximately two orders of 
magnitude smaller than that of crystal Si [22]. In our Raman spectrum, in the modified areas 
of  the sample cross-section, the Raman peak of the amorphous Si was difficult to discern. This 
might be attributed to the fact that the modified areas were mixed with the unchanged areas, 
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Fig. 5.7: SEM observation of the cross-section of the substrate after laser scanning with 
f = 500 kHz and v = 100 μm/s (left) and 800 μm/s (right). Changed regions appear as 
aggregated cloud-like sections mixed with unchanged areas and comparatively paler 
gray contrast than the background. An inverted triangular shape appeared, narrowest 
at the back surface and wider toward the interior of Si, eventually disappearing at a 
certain position. The triangular shape of the changed region corresponds to the trace 
of the focused laser light. 
as shown in Fig. 5.7, rendering the Raman peak of amorphous Si too weak for detection by the 











Although the micro-Raman observation of the changed areas showed only a crystalline 
silicon peak, some structural change should have occurred to cause the observed change in the 
contrast. The height of the modified region was defined as the distance from the back surface 
to the farthest position of the changed region, and the width of the changed region was defined 
as the maximum distance between two points at the same height. The widths of the change in 
the cross-section for v = 800 μm/s varied from 14 μm to 14.9 μm, which is smaller than the 
variation from 16.7 μm to 18.2 μm for v = 100 μm/s. These measured widths were nearly 
equivalent to the widths of the lines observed with IR light under microscopic observation, 
suggesting that the gray parts observed in the IR image should correspond to the structural 
changes inside Si. This implied that some energy was absorbed within the bulk Si. 
Scanning speed 800 μm/s
42.5 μm 39 μm
14.9 μm 14 μm
Scanning speed 100 μm/s
18.2 μm
16.7 μm
47.4 μm 44 μm
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5.5. Effect of scan speed v, repetition rate f, and focus position 
I adjusted v determine whether the stability of the changes occurring on the Si back 
surface could be enhanced. With the same f = 500 kHz as in the previous experiments and v = 
20 μm/s, which is 1/20th of the scan speed (v = 400 μm/s) used in the previous experiments, 
the changes within the Si (gray lines in IR images) were found to be continuous and stable; 
however the modifications on the back surface (dark lines in the visible images) appeared only 
as a fractions of the scanned lines. The percentage of changes on the back surface was defined 
as the ratio of the total length of the black lines to that of the gray lines, which was equivalent 
to the scan length. The changes on the Si back surface were more stable at a high v of 800 μm/s 
than at a lower v. The percentage change was approximately 80% in this case, whereas it was 
only approximately 20% for v = 100 μm/s. Pavlov et al. indicated that the optimum scanning 
speed for creating waveguides in the Si interior by a short pulse laser of  350 fs at 1.5 μm, pulse 
energy of 2 μJ, and a repetition rate of 250 kHz was in the range of 30–100 μm/s. They 
explained that the upper limit of the scanning speed was governed by the average heat 
deposited. In our case, with a 900 fs laser at nearly the same wavelength, such a limit could 
not be observed. Instead, the probability of machinability became lower with decreasing v, 
which corresponded to a higher amount of heat deposited at the irradiated positions. This 
showed that the amount of energy delivered to the back surface decreased owing to the increase 
in absorbed energy in the interior of Si. The percentage changes as a function of v are shown 
in Fig. 5.8. The average change (indicated by triangles) was calculated after measuring 10 
processed lines under the same experimental conditions with the error bar representing the 
standard deviation. The figure also presents the width of the lines observed with IR light 
(indicated by circles), and that observed with visible light (indicated by squares) as functions 
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Fig. 5.8: Percentage change as a function of v. The average (indicated by triangles) 
was calculated after measuring 10 processing lines under the same experimental 
condition, with the error bar representing the standard deviation. The width of the lines 
observed with IR light (indicated by circles) and the width of lines observed with visible 
light (indicated by squares) are also shown. 
of v. Under the same experimental conditions, the width of the lines observed with IR light 
was larger than that observed with visible light. The percentage change occurring on the Si 
back surface decreased with decrease in v. In addition, the decrease in the width of the lines 














Fig. 5.9 shows the effects of f on the processed lines. The observations of the back 
surface after scanning the sample at v = 400 μm/s and f = 250 kHz, 125 kHz, 50 kHz, and 10 
kHz are shown sequentially from top to bottom in Fig. 5.9. With low f values of 10 kHz and 
50 kHz, changes on the Si back surface occurred along the entire length of the processed lines. 
However, these changes occurred at only approximately 60% of the entire processed length for 
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Fig. 5.9: Microscopy images observed with visible (left) and IR (right) wavelengths 
showing the effects of f on the processed lines. The scan speed was v = 400 μm/s. 
the lines observed with visible light were of white color, unlike the black color observed in the 
case of higher f. I used a laser microscope to obtain the depth profile along the processed lines. 
The largest depth values of the measurements at the 142 μm position at the center of each 
processed line was taken as the depth of the processed lines. For low f, the changes that 
occurred on the Si back surface had shallower depth of approximately 60 nm compared with 
the depth of 150 nm for f = 500 kHz. The decrease in depth was revealed as the change in color 
from black for higher f to white for lower f in visible micrographs. The widths of the lines 
observed with IR light were larger than those observed with visible light under all experimental 
conditions. The widths of the lines observed with visible light were nearly constant, 
approximately 8 μm for all f, whereas those observed with IR light decreased significantly for 









As mentioned previously, parts of the laser-irradiated lines on the back surface 
contained a granular band or LIPSS morphology. At lower f, the structural changes on the back 
surface shifted to LIPSS with an interval of 270–330 nm, instead of the grain structures 
Pulse energy 4μJ
Observed with IR lightObserved with visible light
Focus position 0μm
100 μm
Repetition rate 250 kHz  
Scanning speed 400μm/s
Repetition rate 125 kHz  
Repetition rate 50 kHz  
Repetition rate 10 kHz  
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observed at higher f. After laser scanning with f = 10 kHz at v = 400 μm/s, the entire processed 
area was covered by periodic structures being parallel to the laser polarization.  
The impact of the focus position on the processing of the Si back surface was also 
investigated. The focus position was moved across the back surface, which was indicated as 0 
on the back surface, "+" toward the interior of Si, and "−" toward the external positions from 
the surface of the substrate in μm. I scanned the laser with f = 500 kHz at v = 400 μm/s while 
adjusting the focus position from +3 to −9 μm in steps of 3 μm. No changes were apparent at 
the focus positions of +3 μm or −9 μm. The shifting of the focus position to below the Si back 
surface resulted in a decrease in the size of the changes observed on the Si cross-section. This 
demonstrated that more energy was absorbed in the interior of Si; thus, more energy reached 
the back surface. However, moving the focus position toward the interior of Si or far below 
the back surface increased the focal spot size on the back surface, resulting in decreased energy 
density on the back surface, which caused an inefficient machining rate at that. 
5.6. Discussion 
The modification observed on the Si back surface is revealed as a structural change of 
the Si crystals, possibly from crystalline to amorphous, which is manifested as a Raman peak 
on the back surface. Nevertheless, the presence of the amorphous Si phase in the modified part 
within the substrate was not detected. This might be due to the inadequate sensitivity and 
intensity of the Raman signal for analysis of the structural change in the Si interior. The 
material properties of amorphous Si are significantly different from those of crystalline Si. For 
example, the band gap increases from 1.1 eV in crystalline Si to 1.6 eV in amorphous Si [44] 
and the absorption coefficient of amorphous Si is higher than that of crystalline Si. The 
refractive indices also change; thus, absorption or refraction at the boundary of the amorphous 
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Si is shown as a gray contrast in the IR micrographs. To induce such a change, certain portions 
of the laser energy should be absorbed within the substrate, even though the laser is not strongly 
focused at the position where these changes are observed. Judging from the focus conditions 
required  to induce the machining on the Si front surface by the laser, this absorption is not due 
to the non-linear processes, as the laser power density of a single pulse is considered to be too 
low for such processes. Therefore, this absorption should be attributed to the effects of multiple 
pulse irradiation. Under our experimental conditions, a large number of laser pulses are 
irradiated at the same spot, resulting in a high accumulation of energy at one spot. This will 
lead to a local increase of temperature at the spot, which increases the absorption coefficients 
of the laser light caused by both the linear and nonlinear processes, owing to a higher density 
of thermally excited electrons. The absorption coefficient of Si significantly increases with 
temperature [45]. Because of the heat diffusion along the incoming laser axis, the absorption 
point moves upstream of the laser beam as the number of irradiated pulses increases. The area 
of the absorption region increases when the absorption point extends upstream of the laser path 
in the substrate, resulting in the reduction of the energy density. Hence, the modification stops 
at a certain point in the interior of Si, where it leaves a triangular region of change. Similar 
movement of the absorption point was reported by Miyamoto et al. in glass welding by a high-
repetition-rate ultra-short laser [46]. This induces non-local absorption of the laser energy 
along the laser path. Consequently, the percentage of energy reaching the Si back surface 
decreases; thus, significant ablation is prevented from occurring on the back surface. 
Fig. 5.10 shows the dependences of the cross-sectional changes and the width of the 
gray lines in IR microscopic observation from the back surface on laser scanning speed v with 
f = 500 kHz. The average was calculated after measuring six processed regions under identical 
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Fig. 5.10: Dependence of the cross-sectional changes and the width of gray lines on the 
Si back surface in microscopic observation from the back surface on laser scanning 
speed v with f = 500 kHz. The average was calculated after measuring six processing 
regions under the same experimental conditions. 
experimental conditions. The height of the cross-sectional change (indicated by triangles) 
increases with decrease in v. I also examined the dependence of the cross-sectional changes on 
f at v = 400 μm/s. With decrease in f from 500 kHz to 125 kHz, the width and height of the 
cross-sectional change increases from 14 μm and 43 μm to approximately 17 μm and 63 μm, 
respectively. Nevertheless, when f is smaller than 125 kHz, the size of the change is reduced 
significantly. Under the similar experimental conditions, the width of the cross-sectional 
changes (indicated by diamonds) was nearly equal to the width of the gray lines observed on 












With higher v or lower f, the number of laser pulses irradiated at one position decreases 
and the interval between successive pulses increases, which decreases the amount of heat 
accumulated at the position. Thus, the heat effects at the laser path becomes smaller and the 
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energy to reach the back surface and stabilizing the changes on the back surface. However, the 
number of pulses irradiated at the same spot decreases, and the extent of the ablation becomes 
smaller owing to the smaller amount of energy. This explains the stability of the changes 
occurring on the back surface as well as the shallower depth of the groove for lower f. 
Even under similar experimental conditions, the size of the changes observed on the Si 
cross-section was not constant. This instability may be explained by the residual stresses 
induced by the preceding pulses [47]. The main reason for the development of stress in the 
bulk Si would be the volume change of the newly formed amorphous Si. The slight variations 
in the local properties, such as the residual stress due to the polishing process of the substrates, 
and the concentration of dopants, impurities, and/or defects, cause slight changes in the initial 
stage of the absorption process, which is amplified in the subsequent absorption steps of the 
multiple pulses with increase in the local temperature. Furthermore, the absorption increases, 
and the process continues until the heat accumulated at the position is in balance with the heat 
diffused into the surrounding substrate. This causes a variation in the absorbed laser energy in 
the substrate as well as in the energy delivered to the back surface, resulting in unstable 
processed lines on the Si back surface. This finding is in accordance with the conclusion of 
Grojo et al. that the energy deposition of the femtosecond laser pulses results in non-uniform 
material changes [48]. To machine the back surface of Si, the power density of the laser pulse 
is suggested to be low to avoid nonlinear absorption along its path, whereas the total laser 
energy should be sufficiently high to induce ablation on the back surface. 
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VI. Wet Etching of Silicon Back Surfaces Using 1,552.5 nm 
Femtosecond Laser 
6.1. Background information and purpose 
Even though several techniques are available for the fabrication of silicon-based 
devices, efficient three-dimensional (3D) microfabrication techniques in particular are in high 
demand, especially for producing micrometer-scale 3D structures [49-51]. I have demonstrated 
that micromachining through an Si substrate by a femtosecond laser at 1,552.5 nm is possible.  
However, only shallow grooves were formed so far; its depth was approximately 170 nm or 
less.  
Therefore, to increase the machining rate, I tried laser-assisted wet-etching using KOH 
solution. The laser irradiation process can modify the rate of etching of Si by an etchant. Thus, 
by combining laser irradiation and treatment with an etchant, one can produce 3D structures 
on Si substrates. However, this process is a multistep one and usually takes a lot of time [52]. 
Further, while the etch rate of Si during laser-assisted wet etching is higher than that during 
etching in the absence of a laser, there are a few problems with the practical applicability of 
this method. For instance, the laser is usually irradiated onto the substrate through a liquid 
layer. This inevitably results in thermally induced bubbles near the position of irradiation. 
These phenomena can block or distort the incoming laser beam, resulting in unsteady and 
uncontrollable processing [53]. In addition, laser irradiation on a liquid layer perturbs the free 
liquid surface, resulting in the uncontrollable reflection/refraction of the incoming laser beam 
[54].  Furthermore, the debris produced tends to get deposited or suspended near the position 
or within the machined structure. 
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By performing wet etching on the back surfaces of the Si substrates, one can avoid 
these problems. Niino's group proposed laser-induced backside wet etching for the 3D 
machining of transparent substrates. In this process, a pulsed laser is irradiated onto the 
substrate and is absorbed by the liquid that is in contact with the back surface of the substrate; 
this produces a laser-induced plasma, which machines the substrate [55, 56]. In addition, it is 
a debris-free process. The 3D laser processing of transparent dielectric materials by short-pulse 
lasers via nonlinear absorption processes is also an established method for fabricating 3D 
structures on or within these materials [57-59].  
The back surfaces of the Si substrates were maintained in contact with an etchant liquid. 
Thus, it was possible to avoid the problems encountered during conventional laser-assisted wet 
etching. Liu et. al. reported the processing of the back surfaces of Si wafers with nanosecond 
Nd:YAG laser pulses in air [60]. They reported the melting and transition of crystalline Si into 
oxidized and amorphous Si by heating via linear absorption of the laser radiation, because Si 
weakly absorbed the laser radiation of 1064 nm. Here, I report the results of further attempts 
on wet etching of the back surfaces of Si substrates by irradiation with the pulses of a 
femtosecond 1,552.5 nm laser through the substrates. The absorption of the laser radiation by 
Si is considered to be a non-linear process and thus more localized processing would occur. 
While the preliminary results have been reported elsewhere, I encountered difficulties during 
the experiments, which included a low machining rate and unsteady processing [25, 61]. The 
maximum groove depth did not always follow the expectation since at some focus position, 
deeper groove was formed while scanning by lower laser density or higher scanning speed. It 
can be thought that the hydrogen bubbles caused from the chemical reaction between Si and 
KOH block the contact of Si and KOH. In etching, hydroxide ions and water act as a reactant 
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Fig. 6.1: Bubble formation during the experiment (a) at one moment and (b) after 2 
seconds. 
together; Si reacts with water and hydroxide ions, then generate the hydrogen gas. Regardless 
of the etching solution, chemical formula of the alkali etching is as follows: 
          Si ＋ 2H2O ＋ 2OH− → Si (OH)2 (O−)2      ＋ 2H2↑  
In case of using KOH as etchant: 
          Si ＋ H2O ＋ 2KOH → K2SiO3 ＋ 2H2↑  
These bubbles formed, moved, disappeared and deformed again continuously during 
the laser scanning. It leads to the situation at which the groove depth varied significantly even 
though the focus position shifted only 1 μm. The number of bubbles tends to grow more 


















Given that the etch rate at the Si back surface would be higher, wet etching using an 
aqueous KOH solution was performed. During the wet etching process, a 40% KOH solution 
at 25°C was maintained in contact with the Si back surface, while the laser was irradiated on 
its front surface. 
During trial experiments, I observed that bubbles formed during the irradiation process 
and that they prevented stable contact between the Si substrate surface and the KOH solution, 
resulting in nonuniform grooves along the processing. Therefore, I designed an irradiation cell, 
which is shown in Fig. 6.2. The Si substrate (20 mm x 20 mm) was placed on the top of the 
liquid cell, in which the 40% KOH solution was circulated continuously using a pump. The 
back surface of the substrate was in complete contact with the etchant liquid such that the 





































Figure 6.3 shows optical micrographs of the Si back surfaces obtained at visible-range 
and IR wavelengths after wet etching during irradiation at f = 500 kHz; v = 50 μm/s and the 
focus position was at -15 μm. I would like to emphasize here that there was no observable 
change on the front surface of the Si substrate, where the irradiated laser was incident. The 
laser scans appeared as black in the visible-light and IR images were the grooves etched on the 
back surface. In the visible-light images, only the changes that occurred on the back surface 
could be observed. Thick black parts corresponded to deep grooves as shown in Fig. 6.3 while 
thinner straight lines were shallow grooves. Also, I did not observe any debris sticking around 
the processed lines as expected for a backside wet etching. This indicated that this method was 
a debris-free one. On the other hand, in the IR images, at some parts, slightly thicker gray lines 
appeared along the scan lines with thinner black parts. As reported in chapter V, the gray parts 
observed with IR light are the changes occurring only inside Si. The IR images showed the 
changes that had occurred both on the back surface and within the substrate, in keeping with a 
previous report. Even though a flow system had been used to avoid a bubble formation, the 
groove depth showed variations, ranging from a few hundred nanometers to a few micrometers. 
The etch rate was significantly higher compared to that during dry etching. In case of wet 
etching, at some positions, the maximum etch depth was nearly 8 μm, compared to the 
maximum of 150 nm in case of dry etching. However, as stated above, the etch depth along 
the processing path showed significant variations.  
It was expected that the KOH solution would have an effect on the Si substrate even in 
the absence of laser irradiation. In the irradiation system used in this study, the Si back surface 
was in contact with the solution for some time prior to the laser irradiation process, and this 
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Fig. 6.3: Visible-light (left) and IR (right) microscopy images of Si back surface after 
wet etching at f = 500 kHz and v = 50 μm/s at -15 μm focus position 
contact period increased from the start position of the laser scan to its end.  I defined the pre-
etch time as the period in which the Si back surface and the KOH solution were in contact 
before the start of the laser irradiation process. In our experiments, the pre-etch time was 60 s, 
after which the irradiation process was started. Further, the pre-etch time increased from the 















I measured the etch depth of the black area marked with the circle in Fig. 3 using a laser 
microscope; the pre-etch time in this case was 450 s. Figure 6.4 shows the depth profile along 
a length of 142 μm at the center of the black area. I considered the distance between the lowest 















Fig. 6.4: Depth profile of 142-μm-long section at center part of processing line for pre-
etch time of 450 s. Position corresponds to circle in Fig. 6.3. 
approximately 7.76 μm. The depth varied significantly along the processing path, even though 
no bubble was observed on the back surface during irradiation either with a naked eye or using 
the IR camera. Moreover, even when the focus position, f, and v were changed, similar 
variations were observed. The same variations in etch depth were observed for dry etching case 











6.4. Effect of focus position 
Figure 6.5 shows visible-light and IR images of a back surface subjected to wet etching 
at the same f and v; however, in this case, the laser was irradiated at the 0 μm focus position. 
The lines in the visible-light image are narrower and fainter compared to those shown in Fig. 
6.3. In addition, the lines were not continuous but intermittent, and there was no thick part, 
indicating that the etch depth was less than that in the case for a focus position of -15 μm. In 
the IR image, the black dotted lines, which correspond to those observed in the visible-light 
image, overlap with wider, continuous gray bands. These gray bands represented the changes 


















that occurred within the Si substrate and were not observed in the images in Fig. 6.3, which 
corresponded to a focus position of -15 μm. The depth of the grooves formed at a focus position 
of 0 μm was approximately 300 nm and shallower than that of the grooves formed at -15 μm 
but greater than that of grooves formed by the dry etching of the back surface (approximately 
150 nm). Thus, the focus position of -15 μm resulted in a higher etch rate (deeper grooves) 
compared to the 0 μm position. I tried other focus positions as well, namely, -12, -9, -6, -3, and 
+3 μm. For long enough pre-etch time (360 s and longer), at the -12 μm focus position, I could 
achieve an etch depth of 8 μm at some points along the processing path. However, when the 
focus position was moved closer to the Si back surface, the maximum depth decreased. When 
I set the focus position to be within the Si substrate (+3 μm), the maximum etch depth on the 
Si back surface was very low, approximately 300 nm. Thus, it can be concluded that the laser 
must be focused at a point that lies beneath the etchant surface in order to increase the etch 
rate. 
By performing laser-assisted wet etching on the back surfaces of Si substrates, I could 
form grooves with greater depths than that formed by dry etching. However, the depth of the 
grooves was not constant. For the same v and f values and focus position, the depth along the 
same processing path varied significantly from point to point. Even though the changes 
induced on the Si back surfaces were more uniform after the wet etching process than dry 
etching, I could not etch uniform and continuous deep grooves. 
The etch rate at the -15 μm focus position was greater than that at the 0 μm position, 
even though the power density at the back surface was much lower in the former case. This 
contradictory result can be explained as follows. The optical absorption coefficient of water at 
1,552.5 nm is approximately 9.5 cm-1 [62], and that of KOH solution is considered to be similar 
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to that of water. Thus, owing to the high absorption coefficient of water, the aqueous KOH 
solution absorbed energy from the laser via a linear absorption process. Given the refraction 
of the laser light at the silicon-liquid interface, the focus position at -15 μm actually 
corresponded to a position 6.12 μm within the solution below the Si back surface under tight 
focusing. Thus, a small focal volume of the liquid close to the Si back surface absorbed a large 
amount of the laser energy, resulting in a rapid increase in its temperature. As a result, the etch 
rate of Si was high. At the 0 μm focus position, similar to dry etching, wherein nonlinear 
absorption occurred within the Si substrate near the focus. This decreased the amount of laser 
energy that reached the focus position. Hence, the temperature of the KOH solution in contact 






Fig. 6.5: Optical microscopy images of Si back surface obtained using visible (left) and 



































Observed with visible light Observed with IR light
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Fig. 6.6: Visible-light (left) and IR (right) images of Si back surface after wet etching at 
f = 500 kHz and different v at 0 μm focus position. From top to bottom: 4 lines at 800 
μm/s, 4 lines at 400 μm/s, 4 lines at 100 μm/s, and 2 lines at 20 μm/s. Black rectangular 
lines are marking made by direct laser irradiation for adjusting focus. 
6.5. Effect of scan speed v and laser repetition rate f 
Figure 6.6 shows microscopy images of the back surface of a Si substrate after it has 
been subjected to wet etching at the 0 μm focus position at f = 500 kHz and different v values: 
4 lines at 800 μm/s, 4 lines at 400 μm/s, 4 lines at 100 μm/s, and 2 lines at 20 μm/s. Although 
the pre-etch time inevitably increased from the top lines to the bottom ones, as those shown to 
Figs. 6.3 and 6.5, its effect was not evident in these images. I could form continuous grooves, 
with the contrast of the lines becoming sharper with a decrease in v. At the lowest v value (20 
μm/s), dotted lines were observed, suggesting that etching had occurred in a discontinuous 
manner. The average groove depth was approximately 400 nm and greater than that for v = 
800 μm/s, which was approximately 200 nm. Continuous gray lines were seen in the IR images 
in addition to the black lines at the center, which corresponded to those observed in the visible-
light images. The widths of the gray lines were greater than those of the lines observed in the 
visible-light images, indicating that the internal changes induced within the substrate had 
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Fig. 6.7: Visible-light (left) and IR (right) images of Si back surface after wet etching at 
v = 50 μm/s and different f at 0 μm focus position. From top to bottom: 2 lines with 
250kHz, 2 lines with 125kHz, and 2 lines with 50kHz. Black rectangular lines are 
marking made by direct laser irradiation for adjusting focus. 
I performed laser scans at v = 50 μm/s at the 0 μm focus position with different f: 250 
kHz, 125 kHz and 50 kHz (Fig. 6.7). Even at the lowest f value of 50 kHz, continuous etch 
lines were formed. Moreover, the average depth did not change significantly with different f 
and remained at approximately 250-300 nm along each processed line. The internal changes 
observed in the IR images were continuous; however, in this case, the width decreased slightly 
with the decrease in f. Since the number of pulses irradiated at the same spot decreased with 
the decrease in f, the total amount of energy transmitted also decreased, resulting in a smaller 
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From top to below: 2 lines with repetition rate 250kHz, 2 lines with repetition rate 125kHz, 2 
lines with repetition rate 50kHz
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6.6. Morphology on back surface after wet etching 
During SEM observations, two types of morphologies were observed after the laser-
assisted wet etching at v = 400 μm/s at the 0 μm focus position, namely, grooves and periodic 
structures oriented perpendicular to the laser polarization direction. At the 0 μm focus position, 
for f = 250 kHz and lower, periodic structures were formed, while at f = 500 kHz, both grooves 
and periodic structures were formed. I estimated the periodicity of these structures by 
measuring the distance between six consecutive parallel lines and dividing it by 5. The interval 
was found to be approximately 200 nm, and the depth was approximately 170-300 nm. These 
values were different from those of the periodic structures formed during dry etching; in this 
case, the interval was approximately 330 nm, and the structures were oriented parallel to the 
laser polarization direction. However, when the laser was focused at a position deeper within 
the KOH solution, other types of structures were formed. Figure 6.8 shows SEM images of a 
processing line after wet etching at f = 500 kHz and v = 50 μm/s at the focus positions of (a) 0 
μm and (b) -15 μm. At the 0 μm focus position, the back surface was dominated by periodic 
structures oriented perpendicular to the laser polarization direction. Meanwhile, at the -15 μm 
focus position, in some parts of the processing line, I observed periodic structures oriented 
parallel to the laser polarization direction and having an interval of approximately 1.2 μm and 
depth of 1.3 μm. Note that magnifications in (a) and (b) are different. Some parts of the line 
were deep grooves with a depth of up to 5 μm, with no periodic structures being present. Figure 
6.8 (c) shows an SEM image of a processing line after wet etching at f = 500 kHz and v = 100 
μm/s at the -15 μm focus position. Figure 6.8 (d) showed the center of Fig. 6.8 (c), at which 
periodic structures oriented perpendicular to the laser polarization direction and having an 
interval of approximately 200 nm were observed; these were similar to the structures observed 
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at the 0 μm focus position shown in (a). The depth of these periodic structures was low at 
approximately 200-300 nm. However, at the edge of the processing line, periodic structures 
parallel to the laser polarization direction were observed. Their interval was approximately 
1.2-1.3 μm, and the depth was 0.8-1.5 μm.  
After the wet etching process, I found so-called laser-induced periodic surface 
structures (LIPSS) or ripples at the bottom of the etched grooves. I believe this is the first 
instance where LIPSS were formed on the back surface of an Si substrate in an aqueous 
solution. There have only been a few studies on the formation of LIPSS at under water 
conditions [62, 63], and in these previous studies, the LIPSS were formed on the front surface 
of the Si substrate under direct irradiation. Hence, the formation of LIPSS on the back surfaces 
of Si substrates in water is a unique achievement. The formation of LIPSS on materials surfaces 
is a subject of significant research interest, and a more detailed description of the LIPSS 










































Fig. 6.8: SEM images of LIPSS formed on Si back surface after wet etching at f = 500 
kHz and v = 50 μm/s at (a) 0 μm and (b) -15 μm focus positions and (c) at v = 100 μm/s 
at -15 μm focus position. (d) shows the center region of figure (c). 
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VII. Conclusion 
 I presented my attempt to machine 3D microstructures on Si using a femtosecond laser 
of 1,552.5 nm wavelength. Although I demonstrated that the interior and back surface of the 
Si substrates could be modified without any noticeable change on the front surface, these 
changes occurred unstably, especially on the back surface. An incubation effect was observed 
in the modification of the interior and back surface of the Si substrate. The changes that 
occurred inside the Si substrate were revealed as continuous lines of gray contrast in the IR 
micrographs. However, the changes on the back surface appeared as black images in the 
visible/IR micrographs and were not continuous but intermittent under most irradiation 
conditions. SEM observations indicated that the modifications on the back surface appeared as 
granular structures or LIPSS with only shallow groove formation, if any. The impacts of the 
repetition rate f and the scan speed v of the laser were studied and the results suggested that 
heat accumulation due to multiple pulse irradiation causes an increase in the local temperature 
and absorption along the incident laser path, which prevents the delivery of sufficient energy 
to induce ablation on the back surface. Additionally, deep grooves cannot be obtained under 
conditions for stable processing on the back surface. It is believed that using lasers with higher 
pulse energy and shorter pulse width at longer wavelengths than what was used in this study 
can enable the selective machining of 3D structures on the back side and the interior of Si 
substrates, which I intend on exploring in a future study. 
I also tried to improve the etch rate by performing the laser-assisted wet etching of Si 
back surfaces using a femtosecond laser at 1552.5 nm. The etch rate on the back surface during 
the wet etching process was higher than dry etching, resulting in an increase in the groove 
depth from 300 nm to approximately 6 μm. I also examined the effects of laser repetition rate, 
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the scanning speed and focus position on the wet etching process. A focus position 
approximately 12-15 μm below the Si back surface and within the KOH solution was found to 
be the most appropriate one for ensuring that the depth of the etched lines was the maximum. 
However, at the -15 μm focus position, which resulted in deeper grooves, the groove depth 
showed significant variations. At the 0 μm focus position, the depth was shallower than -15 
µm focus position but was deeper with better uniformity than that during dry etching. The 
morphology of the structural changes induced on the Si back surface by the laser-assisted wet 
etching method was different from that of the structures machined by the dry etching method. 
In the former case, grooves and periodic structures either parallel or perpendicular to the laser 
polarization direction and having different depths were observed. The underlying formation 
mechanism of these structures will be elucidated in a future study.  
In conclusion, this research suggests that it is possible to modify the interior or backside 
of Si by infrared femtosecond laser. Higher peak power may enable more stable and selective 
machining of Si. As a result, I can expect to find out the more accurate relationship between 
laser conditions or scanning speed with the structural changes on Si back surface in both cases; 
dry etching and wet etching. Both the refractive index changes on Si and structural changes on 
Si surface has many promising values on Si application in real worlds. 
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